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ABSTRACT Transparent nickel oxide thin films were grown
by reactive pulsed laser deposition. An ArF* (λ = 193 nm,
τ = 12 ns) excimer laser source was used to ablate the Ni tar-
gets in a controlled pressure of ambient oxygen. The substrates
were either kept at room temperature or heated to a selected
temperature within the 200–400 ◦C range. Post-deposition heat
treatment, which was applied to further promote crystallization
and overcome any oxygen deficiency, yielded transparent thin
films. The surface morphology and crystalline status of the syn-
thesized thin structures were analyzed in correlation with their
optical properties. A significant response to several concentra-
tions of hydrogen was demonstrated when heating the nickel
oxide films at 185 ◦C.
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1 Introduction

Hydrogen is an abundant, renewable, efficient and
clean energy source. As an industrial gas, it is currently used
in a large number of areas, e.g. chemicals (crude-oil refining,
plastics, as a reducing environment in the float-glass industry,
etc.), food products (hydrogenation of oils and fats), semi-
conductors (as a processing gas in thin-film deposition and
annealing atmosphere) and transportation (as fuel in fuel cells
and space-vehicle rockets) [1].

All these applications require the development of hydro-
gen-sensing devices that allow safe control of the gas usage.
Devices capable of detecting hydrogen presence above the
low explosion limit (LEL) of 40 000 ppm have become indis-
pensable to prevent explosions.

Binary n-type transition metal oxide semiconductors
(such as SnO2 and ZnO) have been extensively investigated as
gas-sensing materials, while the sensing properties of p-type
semiconducting oxides have received significantly less at-
tention. Nickel oxide (NiO) is widely considered as a model
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p-type semiconductor. It is a wide band gap (Eg ≈ 4 eV)
transition metal oxide, with a cubic rock-salt structure and
antiferromagnetic properties below its Néel temperature at
523 K [2]. Due to their excellent chemical stability, NiO
films have a broad range of applications as catalysts [3],
electrochromic display devices [4] and fuel cells [5]. More-
over, recent studies have shown that NiO thin films can make
attractive sensing materials in gas and humidity detection de-
vices [6, 7].

NiO thin films have therefore been deposited by dif-
ferent techniques, including chemical self-assembling [8],
sol–gel [9], rf sputtering [10], dc sputtering [11] and, re-
cently, pulsed laser deposition (PLD) [5, 12, 13]. Preparation
methods are essential for determining the microstructure and
consequently the functional properties of synthesized struc-
tures. However, the effective dependence of film properties on
process parameters is still poorly understood in most conven-
tional deposition methods.

By contrast, PLD offers an accurate control of growth rate,
stoichiometry and crystalline state of the synthesized mate-
rials, while also ensuring strong adherence to the substrate
surface. In addition, contamination of the thin films as they
grow can be avoided, as the laser radiation source is placed
outside the reaction chamber [14–16].

In this work we analyzed the influence of substrate tem-
perature and post-deposition heat treatment on the surface
morphology, crystalline phase formation and optical prop-
erties of NiO thin films grown by reactive pulsed laser de-
position (RPLD) from Ni targets in low-pressure oxygen.
The stoichiometry of the films was examined with Ruther-
ford backscattering spectrometry (RBS). The response to hy-
drogen (10 000–500 ppm) of the developed sensors heated at
185 ◦C was demonstrated.

2 Materials and methods

The RPLD experiments were performed in a stain-
less steel vacuum chamber, which was evacuated down to
a residual pressure of 6 ×10−4 Pa before each multipulse
laser irradiation series. Pulses from an ArF* excimer laser
(λ = 193 nm, τ ∼ 12 ns) source at 10-Hz repetition rate were
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focused on the surface of Ni targets. The laser fluence incident
on the target surface was set at 4 J/cm2. To deposit each film,
60 000 subsequent laser pulses were applied in 10 Pa oxygen
ambient atmosphere.

The target was placed on a PC-controlled mobile XY
translator, to avoid drilling under the action of repeated laser
pulses. (001) Si and microscope glass substrates were placed
parallel to the target at a distance of 50 mm. Both targets
and substrates were carefully cleaned with acetone in an ul-
trasonic bath before being placed into the vacuum chamber.
During film growth the substrates were either kept at room
temperature (RT) or heated at constant temperatures within
the range of 200–400 ◦C. Twin samples were prepared under
identical experimental conditions. One of them was further
annealed, by heating to 500 ◦C for 3 h in air.

FIGURE 1 AFM images and the
corresponding surface profiles and
local height histograms of thin films
obtained on Si at RT (a, c, e) and at
400 ◦C (b, d, f) substrate temperature

The surface morphology of the deposited thin films was
investigated by atomic force microscopy (AFM) in acous-
tic (dynamic) mode with a PicoSPM apparatus from Mo-
lecular Imaging. The crystalline status of the thin films
was studied with X-ray diffraction (XRD) using a Philips
MRD diffractometer in the θ–2θ mode. Cu Kα radiation
(λ = 1.5418 Å) was chosen for excitation. Optical transmit-
tance measurements were carried out with a Perkin Elmer
Lambda 19 spectrophotometer within the 300–1000 −nm
wavelength range.

The RBS investigations were performed using 1.35-MeV
deuterons as projectiles at the 5.5-MV tandem accelerator
of ‘Demokritos’ National Center for Scientific Research,
Athens, Greece. The samples were mounted in a C. Evans
& Assoc. scattering chamber equipped with a goniometric
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table of computer-controlled precision. The backscattered
deuterons were detected with a silicon surface barrier detec-
tor, 300-µm thick, positioned at a scattering angle of 170◦ and
covering a solid angle ∆Ω = 1.25 msr. The acquired spectra
were processed with the SIMNRA code [17].

Hydrogen-sensing tests were performed in an aluminum
vacuum chamber. The chamber was evacuated down to
1 Pa, filled with dry air at atmospheric pressure and resis-
tively heated to 185 ◦C. The NiO thin films were tested
at 10 000, 5000, 2500, 1000 and 500 ppm hydrogen in air.
Hydrogen concentration was calculated based on the par-
tial pressures of the sensing gas and air inside the cham-
ber. A bias of 1 V was applied, and the current through the
NiO thin films was measured with a Keithley model 485 pi-
coammeter. Current modifications helped monitor hydrogen
sensing.

3 Results and discussion

3.1 Morphological and structural characterization

The AFM images of synthesized thin films on Si
revealed a granular surface morphology (Fig. 1a and b). The
mean size of grains in films deposited at RT was around
20 nm and increased gradually with substrate temperature up
to ∼ 40 nm for films deposited at 400 ◦C. Moreover, as shown
by surface profile variations, the local height was more than
doubled when the substrate temperature was raised from RT
(Fig. 1c) to 400 ◦C (Fig. 1d). Local height histograms showed
the average local height to increase from about 6 nm in a film
deposited at RT (Fig. 1e) to 14 nm in a film grown at 400 ◦C
(Fig. 1f). We noted that the diffusion of deposited adatoms
towards preferred nucleation sites was enhanced due to the
rise in substrate temperature [18], leading to the formation
of larger grains. Also, as shown in previous studies [13],
surface temperature influenced the morphology of the NiO
thin films, with nanocrystals self-assembling into island-like
structures.

The X-ray diffractograms of films deposited on Si sub-
strates of different temperatures are shown in Fig. 2 I. The
film deposited at RT is poorly crystallized. The correspond-
ing diffractogram (Fig. 2 Ia) contains a broad line centered
at 43.0◦, slightly shifted from the reference position at 43.3◦
(JCPDS 04-0835 file) of the (200) lattice plane reflection of

FIGURE 2 X-ray diffractograms of
NiO thin films grown on Si at RT
(a) and at 200 (b) and 400 ◦C (c)
substrate temperatures without post-
deposition heat treatment (I) and
after post-deposition heat treatment
at 500 ◦C for 3 h (II). The diffraction
patterns of Ni and NiO are also pre-
sented, as referred to in the JCPDS
04-0850 and 04-0835 files [19]

the cubic NiO phase. This broadening of the (200) NiO line
may be attributed to either small grain sizes or lattice imper-
fections. The second, narrower line that can be seen at 44.5◦
in this diffractogram can be assigned to the (111) lattice plane
reflection of the Ni metallic cubic phase (JCPDS 04-0850
file) [19].

When increasing the Si substrate temperature, the (200)
NiO line becomes narrower, and its intensity is enhanced
(compare Fig. 2 Ia to Fig. 2 Ib, Ic). In addition, a new line ap-
pears at around 37.2◦, corresponding to the (111) lattice plane
reflection of the cubic NiO phase. Nevertheless, the intense
(200) line points to a strong preferred orientation (texturing)
along the [100] crystal direction. No lines corresponding to
metallic Ni could be detected in this case. All of these features
are indicative of enhanced oxidation kinetics and improved
crystallinity caused by the temperature increase of the Si sub-
strate.

The crystallite size, D, was calculated from the most
intense (200) diffraction line using the Scherrer formula
FWHM = λ/(D cos θ) [20] (Table 1). Here, FWHM stands
for the full width of the diffraction line at half maximum in-
tensity, while θ is the diffraction angle.

The diffractograms of films submitted to post-deposition
heat treatment in air are presented in Fig. 2 II. The intensity
of all reflection lines was higher here than in the as-deposited,
untreated films. Moreover, the increase in the [100] direction
was more evident in films deposited at substrate temperatures
higher than 200 ◦C (Fig. 2 IIb, IIc). As can be seen in Table 1
(compare columns 2 and 3), grain size increased following the
heat treatment, which indicates a film restructuring, leading to
improved crystallinity.

To test the stoichiometry and evidence the possible con-
tamination of the synthesized structures, we applied the RBS
technique. Following the trends indicated by the XRD re-
sults above, we selected a film deposited at 200 ◦C for which
we observed the complete oxidation of Ni and formation of
NiO. The recorded spectra proved that the film was exclu-
sively made of Ni and O. Very importantly, no carbon arising
from the dissociation of high vacuum pump fluids could be
detected. A typical spectrum along with the corresponding
SIMNRA simulation is shown in Fig. 3. The Ni/O atomic
ratio calculated with the code was 1, proving that the films
were stoichiometric.
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T [◦C] D [nm] D [nm]
as-deposited annealed

RT 9.5 10
200 19.0 21.2
400 21.2 23.7

TABLE 1 Mean size of crystallites, D, in the cases of as-deposited and an-
nealed NiO thin films on Si, calculated in terms of growth temperature from
the X-ray diffractograms

FIGURE 3 Rutherford backscattering spectrum of NiO thin film deposited
at 200 ◦C

3.2 Optical properties

The optical transmittance diagrams within the
300–1000 nm spectral range of NiO thin films deposited
on microscope glass substrates at different temperatures are
presented in Fig. 4 in the cases of both as-received (I) and
annealed (II) samples. In both cases we provided as ref-
erence the spectrum recorded for an uncoated microscope
glass plate. As visible from Fig. 4, the poorly crystallized
film grown at RT was more transparent than those deposited
on heated substrates, on which fairly well-crystallized struc-
tures were formed. The film deposited at the highest tem-
perature (400 ◦C) had the lowest transmittance of about
75% (curve c in Fig. 4). This feature is related to the ab-
sorptivity dependence on crystalline status, as previously
observed in the case of Si. Thus, according to [20], the
visible-light absorption was then found to be significantly
higher in the nanocrystalline material than in the amorph-

FIGURE 4 Optical transmittance
spectra of NiO grown by RPLD on
microscope glass substrates at RT (a),
200 ◦C (b) and 400 ◦C (c) before (I)
and after (II) thermal annealing at
500 ◦C for 3 h in air

ous phase. Increased absorption was attributed in [21] to
scattering or intrinsic effects (e.g. finite crystallite size and
free-carrier absorption). We note that non-reacted Ni clus-
ters, which were found mainly in the structures deposited
at RT, also contributed to absorption in the visible spec-
tral region. Nevertheless, they were apparently unable to
tip the general balance of increased absorption in favor of
the RT structures as compared to those deposited at higher
temperatures.

Another interesting feature was the shift towards longer
wavelengths of the absorption edge of polycrystalline films
as compared to the poorly crystallized film grown at RT.
The optical absorption coefficient, α, was calculated from
the equation T = [(1 − R)2 exp(−αd)]/[1 − R2 exp(−2αd)],
where R stands for the reflectance and d for the thickness of
the films [22]. We evaluated by profilometry the film thickness
as being ∼ 150 nm in all cases. Figure 5 shows the evolution of
the absorption coefficient, α, in as-deposited (I) and annealed
(II) thin films as a function of incident photon energy, hν.
The dependence of the absorption coefficient on film struc-
ture is again similar to that observed for silicon. It was thus
shown [23] that close to the absorption edge the absorption co-
efficient α of polycrystalline silicon was significantly higher
than that of amorphous silicon (compare curves b and c to a,
in Fig. 5I and II).

The average transmittance values of the films deposited at
both 200 and 400 ◦C decreased after thermal annealing in air
(see curves b and c in Figs. 4 II and 5 II). We consider that the
densification of the thin films as an effect of annealing could
be responsible for this behavior. A similar decrease of trans-
mittance due to structural modifications was reported in the
case of titanium oxide thin films deposited by rf magnetron
sputtering [24]. By contrast, the average transmittance of the
film deposited at RT was found to rise after heat treatment (see
curves a in Figs. 4 II and 5 II). This evolution could be at-
tributed to enhanced oxidation after heat treatment leading to
the elimination of the Ni clusters.

We further estimated the optical band gap, Eg, by extra-
polating the linear part of the incident photon energy curves
(αhν)1/m vs. hν (Fig. 6). As is well known, above the absorp-
tion threshold, the absorption coefficient follows the relation
αhν ∼ (hν − Eg)

m , where m = 2 for the indirectly allowed
transitions and 1/2 for the directly allowed ones.

The direct band gap values of 3.65 to 3.9 eV, which were
calculated from Fig. 6, are in good agreement with data in the
literature [25, 26].
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FIGURE 5 Plot of absorption coef-
ficient (α) vs. photon energy (hν) of
NiO thin films grown at RT (a) and at
200 (b) and 400 ◦C (c) substrate tem-
peratures, without (I) and after post-
deposition heat treatment at 500 ◦C
for 3 h (II)

FIGURE 6 Plot of (αhν)1/2 vs. hν
of NiO thin films grown at RT (a)
and at 200 (b) and 400 ◦C (c) sub-
strate temperatures, without (I) and
after post-deposition heat treatment
at 500 ◦C for 3 h (II)

FIGURE 7 Plot of (αhν)2 vs. hν of
NiO thin films grown at RT (a) and at
200 (b) and 400 ◦C (c) substrate tem-
peratures, without (I) and after post-
deposition heat treatment at 500 ◦C
for 3 h (II)

We noticed from Fig. 6 I that the gradual transition from
nearly amorphous to crystalline phase caused a decrease in
the indirect band gap. A similar behavior was observed in the
case of Si [21, 23]. The same trend was preserved after post-
deposition annealing (Fig. 6 II).

The direct optical band gap values for both the as-
deposited (Fig. 7 I) and annealed (Fig. 7 II) films were lower
in the case of polycrystalline films (deposited on heated sub-
strates) than in the poorly crystallized films (grown at RT).
We therefore consider that the changes in optical properties
were strongly influenced by the structure and chemical com-
position of the films, which may have contributed to the light
scattering by respective samples.

3.3 Hydrogen-sensing tests

For hydrogen sensing, we selected the NiO films
deposited at 400 ◦C, because they showed in XRD the highest
crystalline status, which determines a relatively lower resis-
tivity value. In view of sensing, we formed on the Si sub-

strate, prior to NiO deposition, a 100-nm thin SiO2 layer by
thermal oxidation to prevent current flow through the sub-
strate. The new structure was tested at 185 ◦C within the gas-
concentration range 10 000–500 ppm. A typical response to
gas is shown in Fig. 8. We notice however that the sensing re-
sponse was not proportional to gas concentration. A decrease
of the electrical conductivity was observed as expected, as
NiO is a p-type semiconductor and hydrogen is a reducing
gas.

The response of the films to hydrogen was rather fast, on
the order of a few minutes, and slightly increased with the de-
crease of hydrogen concentration. An optimization of RPLD
parameters is in progress to increase the sensitivity of NiO
thin films and cut down the response time of the developed
sensors.

4 Conclusions

NiO thin films were grown by RPLD from Ni tar-
gets in low-pressure oxygen. When the Si or glass deposi-
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FIGURE 8 Response to hydrogen at 185 ◦C within the concentration range
10 000–500 ppm of a NiO thin film deposited in 10 Pa O2 on an oxidized Si
substrate heated to 400 ◦C

tion substrates had been heated to temperatures in excess of
200 ◦C, cubic NiO films with a preferential orientation along
the (200) crystalline plane were obtained. Post-deposition an-
nealing was applied to enhance oxidation and improve crys-
tallinity. Morphological studies revealed a strong dependence
of the surface structure and particulate size on substrate tem-
perature. Variations in the crystalline structure and chemical
composition of the films led to changes in their optical prop-
erties. In optimum conditions, the synthesized NiO thin films
displayed high optical transmittance (of up to 85%) in the vis-
ible and IR spectral regions. Systematic tests proved that such
films respond fairly fast to hydrogen concentrations within the
10 000–500 ppm range. New studies are now in progress to
connect the deposition parameters with the development of
high-quality NiO thin films to be used as efficient sensors in
gas-detection applications.
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